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Abstract 
 
Lithium-ion batteries (LIBs) are the energy devices that the chemical energy is converted to electrical 
energy by electrochemical reduction-oxidation reaction and are mainly composed of four materials 
including cathode, anode, separator and electrolyte. Lithium is well known as light metal in natural 
condition and have the lowest reduction potential. LIBs are considered to be one of the promising energy 
storage system due to high energy density and high power density compared to different batteries. 
LIBs have rapidly grown with the development of portable electronic devices. The interest in LIBs 
has considerably increased and LIBs have improved the performance of batteries for years. For the 
application of electrical vehicles (EV), the demand on LIBs with a high capacity and energy density has 
increased. A key way to increase the capacity of LIBs is the development of electrode with high capacity 
and power density. Currently, LiCoO2 cathode is the most commercially available electrode but is not 
suitable for EV due to low energy density. 
To increase the energy1 density for lithium-ion batteries, one of candidates, Li-rich cathodes have a 
large capacity (> 200 mAh g-1) and high operating voltage (~4.6 V). Despite of its high capacity, several 
challenges such as long cyclability of batteries hinder for Li-rich cathode to be commercialized for Li-
ion batteries. To resolve related challenges, there are various solution including elemental doping, 
coating, blending materials and electrolyte additives. 
In this study, we demonstrate that LiDFOB, used as a salt-type additive, effectively preserves the 
electrochemical properties of Li-rich cathodes in half-cells and full cells coupled with graphite anodes 
and allows fast charge transport at the interface between the electrode and electrolyte. In addition, the 
surface chemistries and morphologies of Li-rich cathodes and graphite anodes cycled in electrolytes 
with and without 1% LiDFOB were examined by means of ex situ X-ray photoelectron spectroscopy 
(XPS) and scanning electron microscopy (SEM). 
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1. Introduction  
 
1.1. Lithium-ion battery 
 
Lithium-ion batteries (LIBs) are the energy devices that the chemical energy is converted to electrical 
energy by electrochemical reduction-oxidation reaction and are mainly composed of four materials 
including cathode, anode, separator and electrolyte (Fig. 1). Lithium is well known as light metal in 
natural condition and have the lowest reduction potential. LIBs are considered to be one of the 
promising energy storage system due to high energy density and high power density compared to 
different batteries (Table. 1).1-3 Lithium-ion batteries (LIBs) have rapidly grown with the development 
of portable electronic devices. The interest in Lithium-ion batteries has considerably increased and LIBs 
have improved the performance of batteries for years. For the application of electrical vehicles (EV), 
the demand on LIBs with a high capacity and energy density has increased.4, 5 A key way to increase 
the capacity of LIBs is the development of electrode with high capacity and power density. Currently, 
LiCoO2(LCO) cathode is the most commercially available electrode which has theoretical capacity of 
274 mAh g-1. However, only half of the theoretical capacity on LiCoO2 cathode can be used due to the 
instability of structure. LCO cathode is not suitable for EV and portable devices requiring high energy 
and power density because of the limited capacity. It is important to develop the electrode with high 
capacity to improve the future industry.    
11 
 
 
Figure 1. Schematic illustration of the Lithium-ion battery (cathode/electrolyte/anode).3 
 
 
 
 
 
Table 1. The voltage and theoretical specific energy values of various batteries.1 
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Li-rich layered cathode materials  
 
1.2.1 Introduction 
 
The structure of Li-rich layered material derived from the LiMO2 (M= transition metal) layered 
structure by substitution of excessive lithium in the MO2 layers (Fig. 2 (b and c)). Li-rich cathode is 
generally represented by the formula xLi2MnO3∙(1-x)LiMO2 (M= Mn, Co, Ni…).6, 7 The Li-rich cathode 
materials have a larger capacity more than 200mAh g-1 with high voltage plateau of ~4.5 V. During the 
first charge, there are two distinct regions (Fig. 2 (a)). The initial plateau region accord with the 
oxidation of LiMO2 structure and the oxidation of Li2MnO3 is not occurred in this region. The Li+ was 
extracted from the LiMO2 structure by the oxidation of transition metal. The electrochemical activation 
of Li2MnO3 corresponds to second plateau at the high voltage (~ 4.5 V) due to high oxidation state of 
Mn4+.8-10 However, the initial discharge has extreme irreversible capacity due to drawbacks of Li-rich 
cathode materials. During first charge and discharge, the large irreversible capacity of Li-rich layered 
cathode take place in the oxygen release resulting from the activation of the Li2MnO3 at the 4.5 V 
plateau.  
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Figure 2. Electrochemical profile and crystal structure of Li-rich cathode. (a) Initial charge/discharge 
profiles of Li-rich cathode. Schematic illustration of crystallographic structure of (b) rhombohedral 
LiMO2 structure (R3m) and (c) monoclinic Li2MnO3 (C2/m).9 
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1.2.2 Challenges 
 
Li-rich layered cathode has greatly attracted attention because it can deliver high capacity more than 
200 mAh g-1 and high operating voltage that facilitate the high energy density. Despite the considerable 
advantages of Li-rich cathodes, there are major challenges for its commercialization. During first charge 
process, oxygen gas evolved from the activation of the Li2MnO3 phase will catalytically accelerate 
undesirable electrolyte decomposition at the cathode surface resulting in the poor rate capability and 
cyclability related to the thick solid electrolyte interphase (SEI) (Fig. 3).11, 12 These oxygen radical 
formed by Li2MnO3 activation will attack carbonate-based solvents in the electrolyte and lead to the 
electrolyte decomposition, resulting in inhibiting the reversible reaction of Li-rich cathode. It is 
important to alleviate the oxygen release of the Li2MnO3 phase to improve the electrochemical 
performance on Li-rich cathode materials. In addition, the anodic stability of the electrolyte at the high 
voltage is low because Li2MnO3 is activated at above 4.5 V. In addition, Li-rich cathodes occur 
irreversible phase transformation from layered to spinel-like structure during cycle. The irreversible 
phase transformation is closely related to oxygen loss and cation disorder. The diffusion resulting from 
the transition metal migration from the surface to the bulk cause in oxygen loss and phase 
transformation. (Fig. 4).13 In addition, at a high voltage state (delithiated), the Li-rich cathode is not 
stable because the fermi level is consistent with the oxygen valence band. Oxygen release could result 
from dropping of fermi energy of the O2- 2p band (Fig. 5).14 Additionally, transition metal migration 
from TM slab to Li slab is continuously occurred, resulting in phase transformation from layered to 
spinel-like structure and finally forming the cubic rock–salt phase. The formation of cubic rock-salt 
phase cause capacity fading of Li-rich cathode due to electrochemically inactive characteristic of cation 
disordered phase (Fig. 6).15-18 
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Figure 3. Scheme of the proposed successive reactions originating from the oxygen evolution.12 
 
 
 
 
 
 
 
 
Figure 4. Scheme of the oxygen evolution resulting from transition metal migration from the surface 
to the bulk.13 
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Figure 5. Scheme of the proposed reaction mechanism in Li-rich cathode prior to and during high 
voltage hold at 4.5 V.14 
 
 
 
 
 
 
 
 
Figure 6. Schematics of structural change from layered to the cubic rock-salt structure during 
cycles.15 
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1.2.3 Improvement strategies  
 
Despite high capacity (> 200mAh g-1) and high operating voltage (~4.6 V) of Li-rich cathode, there 
are several challenges such as long cyclability and poor rate capability. To resolve the problems, various 
approaches have been extensively studied including elemental doping20-22, coating23-25, blending 
materials26, 27 and electrolyte additives28-34 (Fig. 7). Among them, surface modified by electrolyte 
additives is considered as one of the most efficient method because it does not require an additional 
process compared with other methods. Electrolyte additives tend to readily undergo electrochemical 
reduction or oxidation at the interface between the electrode and electrolyte to form a protective surface 
layer. In addition, the surface on the Li-rich cathode formed by electrolyte additive could inhibit the 
irreversible phase transformation of Li-rich cathode due to the stabilization of cathode surface.19 
Lithium-salt type additives have recently attracted attention as promising the formation of a solid 
electrolyte interphase (SEI) to inhibit the oxidative decomposition of the electrolyte at high voltages 
and alleviate the irreversible phase transformation from layered to spinel-like structure.35-43 
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Figure 7. Improvement strategies for performance enhancement of Lithium-ion batteries.: (a) reducing 
dimensions of active materials, (b) blending materials, (c) element doping, (d) morphology control, (e) 
surface coating, (f) electrolyte modification.  
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1.3 The research on LiDFOB  
 
LiPF6 is exclusively used in commercial Lithium-ion battery. LiPF6 salt has ability to form a stable 
interface with Al current collector at high voltage and robust SEI on the graphite surface. However, 
LiPF6 is sensitive to trace amounts of moisture and can undergo thermal decomposition at high 
temperature.10 The hydrolysis of LiPF6 makes HF (Lewis acid) which attacks the electrode surface and 
has an adverse effect on the electrochemical performance.44  
Lithium bis (oxalato) borate (LiBOB) as a salt for the lithium-ion battery was reported to replace the 
LiPF6 due to low thermal stability of LiPF6. LiBOB is electrochemically and thermally stable salt based 
upon boron complex anion.45 In addition, LiBOB has a significant advantage on stabilizing the surface 
of graphite anode. LiBOB salt has limited solubility in linear carbonate and forms the resistive SEI layer 
resulting in poor rate capability. Lithium difluoro(oxalate) borate (LiDFOB) is first reported as the salt 
to improve the defect of LiBOB.46 In early 2000s, many researchers have been mainly conducted the 
research on lithium salt due to high solubility better than that of LiBOB.47-49 As the research on the 
electrolyte additive has been lately attracted attention, LiDFOB as electrolyte additive improve the 
electrochemical performance of the anode and cathode materials.50-55 It is important to understand the 
mechanism of LiDFOB on the electrode. In this study, we studied to understand how the LiDFOB 
improves the electrochemical performance on high-voltage Li-rich cathode and graphite anode.  
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Table 2. Previous results for LiDFOB in lithium-ion batteries. 
 
 
 
  
Purpose Electrolyte Electrode Reference
Additive
1.0 M LiPF6
EC/DMC/DEC (1/1/1 vol%)
3.85 - 2.0 V
LiFePO4/graphite full cells at 60 
oC
J. Power Sources 
2011, 196, 6794–6801
1.0 M LiPF6
EC/DMC/DEC (1/1/1 wt%)
2.8 - 1.5 V
LiFePO4/Li4Ti5O12 full cells at 25 and 60 
oC
J. Power Sources 
2013, 230, 148-154
1.2 M LiPF6
EC/PC/DMC (1/1/3 wt%)
4.0 - 3.0 V
Li1.1[Mn1/3Ni1/3Co1/3]0.9O2/graphite full cell at 25 
oC
Electrochem. Commun. 
2007, 9, 475–479
1.0 M LiPF6
EC/EMC/DEC (1/1/1 vol%)
4.6 - 3.0 V
LiMn1/3Ni1/3Co1/3O2/half cell at 25 
oC
Solid State Ionics 
2014, 263, 146–151
1.0 M LiPF6
EC/PC/EMC (1/1/3 vol%)
5.1 - 3.0 V
LiCoPO4/graphite full cell at 25 
oC
J. Appl. Electrochem.
2012, 42, 291–296
1.2 M LiPF6
EC/PC/DMC (1/1/3 wt%)
4.0 - 3.0 V
Li1.1[Mn1/3Ni1/3Co1/3]0.9O2/graphite full cell at 25 
oC
J. Power Sources 
2007, 174, 852–855
1.0 M LiPF6
EC/EMC/DEC (3/5/2 wt%)
4.4 - 2.75 V
LiCoO2-LiMn0.6Ni0.2Co0.2O2/silicon-graphite full cells at 45 
oC
Electrochim. Acta
2014 , 137, 1–8
1.2 M LiPF6
EC/EMC (3/7 wt%)
4.6 - 2.2 V
Li1.2Ni0.15Mn0.55Co0.1O2/graphite cells at 30 
oC
J. Electrochem. Soc. 
2012, 159, A2109-A2117
1.2 M LiPF6
EC/EMC (3/7 wt%)
4.1 V
Li1.1[Mn1/3Ni1/3Co1/3]0.9O2 // graphite half cell at 25 
oC
Electrochem. Solid-State 
Lett. 2009, 12, A69-A72
Salt
1.0 M LiDFOB
EC/PC/EMC (1/1/3 wt%)
4.0 - 3.0 V
Li1.1[Mn1/3Ni1/3Co1/3]0.9O2/graphite full cell at 25 
oC
Electrochem. Solid-State 
Lett. 2007, 10, A45-A47
1.0 M LiDFOB
EC/PC/EMC (1/1/3 wt%)
4.2 - 2.75 V
LiMn2O4/half cells at 25 and 60 
oC
J. Power Sources 
2010, 195, 862–866
1.0 M LiDFOB
EC/PC/EMC (1/1/3 wt%)
2.0 - 0 V
Graphite/half cells at 25 oC
J. Electrochem. Soc. 
2009, 156, A318-A327
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2. Experiment 
 
2.1. Preparation of electrolytes and electrode 
 
Ni0.2Co0.2Mn0.6(OH)2 powder was synthesized by the co-precipitation method. Stoichiometric amounts 
of NiSO4·6H2O, CoSO4·6H2O, and MnSO4·5H2O were used as the starting materials. An aqueous 
solution of the reagents (Ni/Co/Mn=0.2:0.2:0.6 molar ratio) at a concentration of 2.0 mol L-1 was 
pumped into a continuously stirred tank reactor (CSTR; 4 L) under a nitrogen atmosphere. The pH was 
adjusted to 10.5 with a 4.0 mol L-1 solution of NaOH, and a desired amount of a solution of NH4OH (3 
mol L-1) as a chelating agent was also separately fed into the reactor. The obtained solid was filtered, 
washed many times with distilled water, and then dried at 110 oC for 12 h. The dried powder was 
thoroughly mixed with LiOH in a molar ratio of 1:1.44 and calcined at 900 oC for 10 h to obtain 0.4 
Li2MnO3·0.6 LiNi1/3Co1/3Mn1/3O2 (bare).19 The Li-rich cathode was prepared by spreading a slurry 
composed of 80 wt% active material Li1.17Ni0.17Mn0.5Co0.17O2, 10 wt% Super P, and 10 wt% 
poly(vinylidene fluoride) (PVDF, KF1100, KUREHA Chem. Ind.) dissolved in anhydrous N-methyl-2-
pyrrolidinone (NMP, 99.5%, Aldrich) on aluminum foil and drying in an oven at 110 °C for 1 h. The 
dried cathode was pressed with a rolling mill. The thickness, specific capacity, and loading density of 
the Li-rich cathode were 55 m, 1.01 mAh cm-2, and 5 mg cm-2, respectively. To remove water adsorbed 
on the cathodes, they were dried in a vacuum oven at 110 °C for 12 h before cell assembly. The specific 
capacity of the Li-rich cathode for a full cell coupled with a graphite anode was 1.442 mAh cm-2. The 
anode was composed of 96 wt% natural graphite, 1 wt% Super P, and 3 wt% binder (1.5 wt% styrene–
butadiene rubber + 1.5 wt% sodium carboxymethyl cellulose). The dried anode was pressed with a 
rolling mill. The thickness, specific capacity, and loading density of the graphite anode were 71 m, 
1.471 mAh cm-2, and 4.2 mg cm-2, respectively. 
A 1.3 M solution of lithium hexafluorophosphate (LiPF6, Soulbrain Co., Ltd.) was prepared in a 
mixture of ethylene carbonate (EC), ethyl methyl carbonate (EMC), and dimethyl carbonate (DMC) in 
a 3:4:3 volume ratio. The mixed solvent was treated with calcium hydride (CaH2) to minimize the water 
content prior to the addition of the LiPF6 salt to form the baseline electrolyte. The LiDFOB (Soulbrain 
Co., Ltd.)-containing electrolyte was prepared by adding 1 wt% LiDFOB to the baseline electrolyte. A 
polyethylene (PE) separator (SK Innovation Co., Ltd.) with a thickness and porosity of 20 m and 38%, 
respectively, was used. 
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2.2. Preparation of electrolytes and electrode 
 
Electrochemical tests were performed using 2032 coin-type cells assembled in an argon-filled glove 
box. Half-cells (Li/Li-rich cathode and Li/graphite anode) were galvanostatically precycled at a rate of 
C/10 between 4.8 V and 2.0, 0.01, and 1.0 V, respectively, using a computer-controlled battery 
measurement system (Won A Tech WBCS 3000). Thereafter, the cells were cycled at a current density 
of 120 mA g-1 (corresponding to a C/2 rate) over 200 cycles at 25 °C. To demonstrate the impact of 
LiDFOB on the rate capabilities of Li-rich cathodes and graphite anodes, half-cells were cycled at 
various discharge C rates: C/2, 1C, 2C, 3C, 4C, 5C, 7C, and 10C. 
To examine the effect of LiDFOB on full cell performance, a full cell with a graphite anode and Li-
rich cathode was galvanostatically cycled between 4.7 V and 2.0 V in a constant-temperature drying 
oven (25 °C). Precycling and subsequent cycling were performed at a rate of C/10 and C/2, respectively. 
After charging to 4.7 V with a constant current, the constant voltage (CV) condition was applied for the 
precycle; the CV end-condition was determined by a current below C/20.  
To investigate the effect of the SEI on the dissolution of transition metal ions from the Li-rich cathodes, 
fully charged (delithiated) cathodes with baseline- and LiDFOB-derived SEI layers were stored in a 
polyethylene bottle with the baseline electrolyte at 60 °C for 24 h. The amounts of Mn, Co, and Ni ions 
in the electrolytes that contacted the fully charged cathodes were measured by means of inductively 
coupled plasma–mass spectrometry (ICP–MS, ELAN DRC-II). 
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2.3. Instrumental analysis 
 
For the surface chemistry and morphological analyses of the Li-rich cathodes and graphite anodes, the 
cells with and without LiDFOB were carefully disassembled in a glove box. Each cathode was rinsed 
with DMC solvent to remove residual electrolyte and then dried at room temperature. The surface 
chemistry of the electrodes was examined by ex situ X-ray photoelectron spectroscopy (XPS, Scientific 
K-Alpha system, Thermo Scientific) with Al Kα radiation (hν = 1486.6 eV) under ultrahigh vacuum. 
XPS spectra were collected using a 0.10 eV step size and 80 eV pass energy. All XPS spectra were 
energy-calibrated by the hydrocarbon peak at a binding energy of 284.7 eV. The surface morphologies 
of the electrodes were observed by field-emission scanning electron microscopy (FE-SEM, JSM-6700F, 
JEOL) in a high-vacuum environment. An energy dispersive spectrometer (EDS) was used to determine 
the kinds of elements in the region under investigation.  
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3. Results and discussion 
 
3.1. Electrochemical performances of LiDFOB additive on the Li1.17Ni0.17Mn0.5Co0.17O2 half cell 
 
Fig. 8 shows the voltage profiles of Li/Li-rich cathode half-cells with and without 1% LiDFOB as a 
salt-type additive during precycle at 25 °C. Two voltage plateaus are observed near 4.0 and 4.5 V vs. 
Li/Li+, corresponding to the extraction of Li ions from LiNi1/3Co1/3Mn1/3O2 and the formation of Li2O 
and MnO2 by the electrochemical activation of Li2MnO3, respectively. The cell with the LiDFOB 
additive displays slightly reduced charge capacity (296.9 mAh g-1) when charged to 4.8 V vs. Li/Li+, 
compared to the baseline electrolyte (302.8 mAh g-1). However, the half-cell with the LiDFOB additive 
exhibits slightly increased discharge capacity for the Li-rich cathode, indicating the improved initial 
Coulombic efficiency (ICE) (82.6% → 85.6%). This suggests that the LiDFOB additive inhibits the 
capacity loss caused by irreversible electrolyte decomposition in the highly oxidized environment at 4.8 
V, and thus, leads to a relatively increased discharge capacity (250.2 → 254.4 mAh g-1) despite the 
slightly reduced charge capacity of the cathode in the presence of LiDFOB. Another noticeable feature 
is that the voltage drop of the Li-rich cathode with LiDFOB is mitigated during the precycle discharge 
process. It is thought that the LiDFOB-derived surface film (i.e., the SEI) is less resistive compared 
with the baseline-electrolyte-derived SEI and thereby allows facile re-lithiation of the Li-rich cathode.  
 
 
Figure 8. Voltage profiles of Li/Li-rich cathode half-cells with baseline and 1% LiDFOB electrolytes 
during precycle at 25 oC. 
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To explore the effect of the LiDFOB-derived SEI on the anodic stability of the electrolyte at high 
voltages, potentiostatic profiles for Li/Li-rich cathode half-cells with and without 1% LiDFOB at a 
constant voltage (4.9 V) vs. Li/Li+ were obtained, as shown in Fig. 9. A comparison of these 
potentiostatic profiles reveals that the LiDFOB additive effectively reduces the oxidation currents 
evolved by electrochemical decomposition of the electrolyte at high voltage. This suggests that LiDFOB 
contributes to the SEI formation, improving the oxidation stability of the electrolyte. In addition, in 
absence of LiDFOB, EC-containing electrolytes led to better anodic stability compared to EC-free 
electrolytes. Noticeably, the introduction of LiDFOB in EC-containing electrolytes led to excellent 
anodic stability. From this result, we could confirm that EC-containing electrolytes with 1% LiDFOB 
builds up robust SEI preventing undesirable electrolyte decomposition in the highly oxidizing 
environment. 
 
 
Figure 9. potentiostatic profiles at constant voltage of 4.9 V for 10 h after charged to 4.9 V of Li/Li-
rich cathode half-cells with baseline and 1% LiDFOB electrolytes and EC-free electrolyte (EMC/DMC 
1.3M LiPF6 with and without 1% LiDFOB at 25 oC 
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Fig. 10(a) presents the discharge capacities of Li/Li-rich cathode half-cells at 25 °C. The slight 
increases in the discharge capacities that appear as cycling begins are mostly due to the activation of 
the Li2MnO3 phase of the Li-rich cathodes.56, 57 The discharge capacity of the Li-rich cathode with the 
baseline electrolyte shows significant fading after the 70th cycle, and only 12.2% of the initial discharge 
capacity is delivered after the 200th cycle. Interestingly, the introduction of 1% LiDFOB leads to 
superior cycling stability for the Li-rich cathode, which retains 81.4% of the initial discharge capacity 
after the 200th cycle. To determine the origin of the sudden capacity fading of the Li-rich cathode in the 
baseline electrolyte at the 70th cycle, the morphological changes of the cathodes were investigated (Fig. 
10(b) and (c)). Clearly, a striking difference between cathodes cycled in the baseline and 1% LiDFOB-
containing electrolytes can be observed. Surprisingly, the Li-rich cathode with 1% LiDFOB maintains 
its original structure, even after 200 cycles (Fig. 10(b)). However, in the baseline electrolyte, severe 
microcracking of the Li-rich particles is observed after the 140th cycle, as shown in Fig. 10(c). This 
finding reveals that the baseline electrolyte is unable to produce a robust SEI layer that can prevent the 
interfacial degradation of the high-voltage Li-rich cathodes. Consequently, it is thought that the 
mechanical fracture of Li-rich cathode particles cannot be avoided. Less resistive, uniform SEI layers 
would be expected to hinder the occurrence of local internal stresses resulting from non-uniform Li 
extraction and re-lithiation of the cathode materials and prevent the mechanical damage of the cathode. 
Recently, a degradation mechanism ascribed to non-uniform volume changes of the cathode material 
during Li extraction and re-lithiation was reported.57 
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Figure 10. Electrochemical performance of Li/Li-rich cathode half-cells with baseline and 1% LiDFOB 
electrolytes at 25 oC: (a) discharge capacity retention at a rate of C/2 over 200 cycles. SEM images of 
Li-rich cathodes with (b) 1% LiDFOB electrolyte at 70th and 200th cycles and (c) baseline electrolyte 
at 70th and 140th cycles. 
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To elucidate whether the LiDFOB-derived SEI allows fast charge transport at the cathode surface, the 
rate capability of Li/Li-rich cathode half-cells was examined at high discharge C rates, as shown in Fig. 
11. The LiDFOB-derived SEI delivers a high discharge capacity of ca. 131.5 mAh g-1 at a very high 
current density of 2.4 A g-1 (corresponding to a 10 C rate). In contrast, the Li-rich cathode with the 
baseline electrolyte undergoes drastic capacity fading as the C rate increases and a very low discharge 
capacity of approximately 18 mAh g-1 at the 10 C rate is observed. Thus, the LiDFOB-derived SEI is 
clearly suitable for facilitating Li-ion transfer in high-voltage Li-rich cathodes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Rate capability of Li/Li-rich half-cells at various discharge C rates. Charge process 
was performed at a fixed charge C-rate (C/2). 
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3.2. Surface chemistry and morphology of the Li1.17Ni0.17Mn0.5Co0.17O2 half cell 
 
Fig. 12 shows the surface chemistries of the Li-rich cathodes with and without 1% LiDFOB after the 
precycle. As clearly shown in the F 1s XPS spectra of Fig. 12(a) and (d), the relative fraction of the LiF 
peak at 685.0 eV considerably decreases (from 36% to 21.7%) when using 1% LiDFOB. This can be 
explained by the positive roles of the LiDFOB-derived SEI: 1) it supplies electron-deficient boron atoms 
that scavenge HF to form resistive LiF10; 2) it suppresses LiPF6 decomposition at the high-voltage Li-
rich cathode; and 3) the pathway generating a resistive LiF component is not main mechanism of 
LiDFOB-derived SEI formation at high voltages. This is in good agreement with the Abraham group's 
result that reactive oxygen radical intermediate formed by LiDFOB decomposition at high voltages 
reacts with the EC to produce carbonate-containing polymer species.58 Since the HF generated by LiPF6 
hydrolysis (LiPF6 (sol.) + H2O → POF3 (sol.) + LiF (s) + 2HF (sol.) and PF5 (sol.) + H2O → POF3 (sol.) 
+ 2HF (sol.)) significantly consumes active Li+ ions from the cathode to form resistive LiF as an SEI 
component, direct contact between HF and the cathode surface should be avoided.10,59,60 Evidence for 
the inhibition of LiPF6 decomposition by the LiDFOB-derived SEI on the cathode is given in the P 2p 
XPS spectra of Fig. 12(b) and (e). The intensities of the peaks corresponding to LixPOFy, LixPFy, and 
phosphate (P-O) generated by LiPF6 decomposition are discernibly reduced for the cathode with 1% 
LiDFOB. A comparison of the C 1s XPS spectra of the Li-rich cathodes clearly shows that the peak 
intensity attributed to semicarbonate-like species (-CO2-) at 289.1 eV relatively increases for the Li-
rich cathode with 1% LiDFOB (Fig. 12(c) and (f)). This is probably because decomposition of the 
oxalate moiety in LiDFOB leads to the formation of SEI components containing -CO2- groups on the 
cathode surface.58 Note that the peak corresponding to the oxalate group of LiDFOB is located at 289.6 
eV. In the B 1s XPS spectra of Fig. 12(g), the Li-rich cathode with 1% LiDFOB exhibits the peak 
attributed to boron bonded to fluorine (B-F) at 193 eV, which is different with the -BF2 peak of LiDFOB 
located at 194.8 eV. This result suggests that compounds with the B-F moiety are produced as SEI 
components on the cathode. 
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Figure 12. F 1s, P 2p, and C 1s XPS spectra of Li-rich cathodes after precycle (Baseline: (a), (b), (c); 
and 1% LiDFOB: (d), (e), (f)). (g) B 1s XPS spectra of Li-rich cathodes precycled in 1% LiDFOB-
added electrolyte and LiDFOB. 
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3.3. Electrochemical performances of LiDFOB on the graphite anode half cell 
 
To confirm the compatibility of the LiDFOB additive with graphite anodes, the electrochemical 
performance of Li/graphite anode half-cells was examined, as presented in Fig. 4. The graphite anode 
with 1% LiDFOB displays higher charge (Li intercalation) plateaus and lower discharge plateaus, 
indicating relatively low polarization compared to that of the baseline electrolyte (Fig. 13). This is 
because LiDFOB modifies the SEI structure formed by the baseline electrolyte, and thereby, facilitates 
Li+ ion transport into/from the graphite. Compared to the baseline electrolyte, which affords a discharge 
capacity of 371.7 mAh g-1 and an ICE of 91.3% during the precycle, the LiDFOB-containing electrolyte 
delivered a slightly reduced discharge capacity of 367.1 mAh g-1 and an ICE of 90.4%. Clearly, the 
electrochemical reduction of the LiDFOB additive leads to the consumption of Li+ ions, causing the 
reversible capacity loss of the graphite during the first Li intercalation.  
 
 
 
 
 
 
Figure 13. Voltage profiles Li/graphite anode half-cells with baseline and 1% LiDFOB electrolytes 
during precycle at 25 oC. 
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The dQ/dV plots in Fig. 14(a) provide the reductive decomposition voltages of the baseline and 1% 
LiDFOB-added electrolytes on the graphite. A relatively high reduction potential near 1.46 V appears 
for the graphite anode with 1% LiDFOB. It should be noted that the reductive decomposition of 
LiDFOB takes place prior to the decomposition of EC in the baseline electrolyte.61 Interestingly, despite 
the LiDFOB reduction on the graphite, another reduction peak appears near 0.68 V vs. Li/Li+. This 
reduction peak can be explained by a possible reaction between EC and the d-LiDFOB formed by 
LiDFOB reduction, as depicted in Fig. 14(b). This finding suggests that the reaction between EC and 
d-LiDFOB can contribute to the increment in peak intensity attributed to semicarbonate-like species (–
CO2–) in the C 1s XPS spectra of Fig. 12(f). Polar moieties such as –CO2– are very effective for ion 
transport through the SEI. To clarify the possibility of EC reduction by d-LiDFOB at the graphite anode, 
dQ/dV graphs of graphite anodes precycled with EC-free electrolytes (EMC/DMC/1.3 M LiPF6 with 1% 
LiDFOB and EMC/DMC/0.5 M LiDFOB) were obtained, as presented in Fig. 14(c). Notably, the EC-
free electrolytes display no reduction peak at ~0.68 V vs. Li/Li+. It is believed that the EC solvent 
participates in the decomposition reaction pathway of LiDFOB and modifies the surface chemistry of 
the graphite anode.   
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Figure 14. dQ/dV plots of Li/graphite anode half-cells at 25 oC. (c) Possible mechanism for SEI 
formation by reduction of LiDFOB and EC at the graphite anode. (d) dQ/dV plots of Li/graphite anode 
half-cells with EC-free electrolytes (EMC/DMC/1.3 M LiPF6 with 1% LiDFOB and EMC/DMC/0.5 M 
LiDFOB) during first Li intercalation of the precycle. 
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The positive impact of the LiDFOB-derived SEI on the cycling performance of the graphite anodes is 
depicted in Fig. 15. The graphite anode with 1% LiDFOB displays substantially improved cycling 
stability compared to that with the baseline electrolyte (Fig. 15(a)). The LiDFOB-derived SEI has 
sufficient ionic permeability at a rate of C/2 as well as enough electrochemical robustness to prevent 
the irreversible electrolyte decomposition that would cause capacity decay upon repeated charge and 
discharge processes. Although the use of LiDFOB additive drastically improved cycling performance 
of the graphite anode with EC-free electrolyte (EMC/DMC/1.3 M LiPF6), as shown in Fig. 15(b), 
superior cycling performance of graphite anodes was achieved in EC-containing electrolyte 
(EC/EMC/DMC/1.3 M LiPF6) with 1% LiDFOB. It is clear that EC serves as a key component for the 
formation of LiDFOB derived SEI to effectively mitigate unwanted electrolyte decomposition at the 
graphite anode during cycling. The rate capabilities of graphite anodes with and without 1% LiDFOB 
were evaluated at various discharge rates to understand the impact of the LiDFOB derived SEI on the 
kinetics of charge transfer at the anode-electrolyte interface. The graphite anode with the baseline 
electrolyte begins to show drastic capacity fading at a mild discharge rate of 1C (Fig. 15(c)). In contrast, 
no capacity decay appears with the graphite anode with 1% LiDFOB, even at a high discharge rate of 
3C. This excellent rate capability of the graphite anode is ascribed to the LiDFOB-derived SEI that may 
facilitate Li-ion transport at the anode-electrolyte interface.   
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Figure 15. Discharge capacity retention at a rate of C/2 over 100 cycles: (a) EC-containing electrolytes 
with and without 1% LiDFOB and (b) EC-free electrolytes with and without 1% LiDFOB. (c) Rate 
capability at various discharge C rates. Charge was performed at a fixed charge C-rate (C/2).   
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3.4. Surface chemistry and morphology of the graphite half cell 
 
Fig. 16 shows the F 1s, P2p, and C 1s XPS spectra obtained from graphite anodes precycled in the 
baseline and LiDFOB-containing electrolytes. As seen in the F 1s XPS spectra in Fig. 12(a),(d) and 
16(a),(d), the peak intensity assigned to LiF at 685.0 eV is considerably increased for the graphite anode 
with 1% LiDFOB, unlike the Li-rich cathodes with 1% LiDFOB, which show a reduced LiF fraction. 
This confirms that the LiDFOB additive leads to different surface chemistries (affording a LiF-less SEI 
for the Li-rich cathode and a LiF-rich SEI for the graphite anode). The highly improved rate capability 
of the graphite anode obtained with the LiDFOB additive can be explained by the reduced relative 
amounts of meta-stable products (LixPFy, LixPOFy, P-O) formed by LiPF6 decomposition and the 
appearance of polar moieties (-CO2-) in the SEI created in the presence of LiDFOB (Fig. 16(b)-(f)).62 
The reduced fraction of LiPF6 decomposition products and increased proportion of LiF in the SEI on 
the graphite surface indicate that the reductive decomposition of LiPF6 leads to the formation of LiF. It 
is thought that LiF can suppress the formation of the resistive SEI by undesirable decomposition of the 
electrolyte unlike the meta-stable products (LixPFy, LixPOFy, P-O) generated by the LiPF6 
decomposition, and thereby, the graphite anodes with 1% LiDFOB deliver high discharge capacities at 
high discharge C rates. In addition, polar groups, including -CO2-, can interact with Li ions via ion-
dipole interactions and facilitate fast ion transport through the SEI layer. A noticeable feature for the 
graphite anode with 1% LiDFOB is the appearance of boron bonded to oxygen (B-O) at 191.8 eV that 
are not observed in the SEI on the Li-rich cathode. It can be thought that the disappearance of the peak 
corresponding to B-F is mostly due to the LiF formation by the reaction between Li and BF2 group of 
LiDFOB (Fig. 16(g)). 
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Figure 16. F 1s, P 2p, and C 1s XPS spectra of graphite anodes after precycle (Baseline: (a), (b), (c) 
and 1% LiDFOB: (d), (e), (f)). (g) B 1s XPS spectra of graphite anodes precycled in 1% LiDFOB-added 
electrolyte and LiDFOB. 
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3.5. Electrochemical performances of LiDFOB on the Li1.17Ni0.17Mn0.5Co0.17O2/graphite full cell 
 
The cycling performance of full cells constructed with graphite anodes, Li-rich cathodes, and the 
electrolytes with or without 1% LiDFOB is shown in Fig. 17. Slightly increased initial Coulombic 
efficiencies and discharge capacities are achieved for the full cells with the 1% LiDFOB electrolyte. It 
is likely that the salt-type LiDFOB additive forms desirable SEIs on the graphite anode and Li-rich 
cathode in the full cell. Further evidence for the beneficial functions of LiDFOB, which can impart 
interfacial stabilization for both electrodes, is given in Fig. 17(b). The discharge capacity retention at 
the 100th cycle is substantially improved for the cell with 1% LiDFOB (82.7%) compared to that with 
the baseline electrolyte (45.8%). After 200 cycles, a discharge capacity retention of only 11% is obtained 
for the full cell with the baseline electrolyte, whereas the introduction of 1% LiDFOB avoids severe 
capacity fading of the full cell. Moreover, the Li-rich/graphite full cell cycled in the electrolyte with 1% 
LiDFOB exhibits a discernable Coulombic efficiency improvement of greater than 99.5% over 100 
cycles at 25 °C (Fig. 17(b)). 
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Figure 17. Electrochemical performance of Li-rich/graphite full cells at 25 oC: (a) voltage profiles 
during precycle; and (b) discharge capacity retention and Coulombic efficiency at a rate of C/2 over 
200 cycles. 
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3.6. Morphology of the Li1.17Ni0.17Mn0.5Co0.17O2/graphite full cell 
 
To understand the significant capacity fading of the Li-rich/ graphite full cell with the baseline 
electrolyte after 70 cycles, graphite anodes retrieved from these cells after 200 cycles were analyzed by 
SEM and EDS. Unlike pristine graphite (Fig. 18(c) and (f)), which exhibits a very clean surface, the 
graphite anode from the full cell cycled 200 times in the baseline electrolyte has a granular surface (Fig. 
18(d) and (g)). Peaks assigned to Co, Mn, and Ni, which are not observed for the pristine graphite, 
appear. It is thus believed that the baseline electrolyte does not form a robust SEI that can suppress 
metal-ion dissolution from the Li-rich cathode or metal deposition on the graphite anode. Since the 
deposition of these metals (Co, Mn, and Ni) causes the consumption of electrons necessary for the 
intercalation of Li+ ions into the graphite, considerable capacity fading of the full cells with their limited 
Li+ sources cannot be avoided. Furthermore, the uneven plating of the metallic Mn and Ni on the 
graphite anode leads to further electrolyte decomposition, and a non-uniform SEI showing a granular 
surface morphology is produced. In contrast, with the LiDFOB-modified surface chemistries of both 
electrodes in the full cell, Co, Mn, and Ni signals in the EDS pattern of the graphite anode are not 
observed, and a relatively smooth anode surface is obtained after cycling (Fig. 18(e) and (h)). These 
results clearly show that the LiDFOB-derived SEI on the electrodes is sufficiently robust to mitigate 
metal-ion dissolution from the Li-rich cathode and avoid metal deposition on the graphite anode. 
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Figure 18. SEM images and EDS patterns of (a,d) pristine (non-cycled) graphite anode and graphite 
anodes retrieved from full cells with (b,e) baseline and (c,f) 1% LiDFOB electrolytes after 200 cycles. 
(a)
(b)
(c)
5
.9
M
n
6
.9
3
1
C
o
7
.4
8
N
i2
.0
1
P
2
.0
1
P
(d)
(e)
(f)
42 
 
To verify the effect of the LiDFOB-derived SEI on metal-ion dissolution from Li-rich cathodes, ICP-
MS analysis was performed for fully delithiated cathodes with baseline- or LiDFOB-derived SEIs. As 
seen in Fig. 19, the extent of metal (Co, Mn, and Ni) ion dissolution from a fully delithiated cathode 
after 24 h at 60 °C is drastically reduced by the presence of the LiDFOB-derived SEI on the cathode 
surface. It is obvious that the LiDFOB-derived SEI on the cathode acts as a more resistive layer toward 
metal-ion dissolution compared to the baseline-derived SEI. Small amounts of metal ions in the 
electrolyte are detrimental for battery performance because metal deposits are formed by consuming 
the electrons for the intercalation of Li+ ions into the graphite, and metallic elements (Co, Mn, and Ni) 
can lead to the non-uniform growth of unstable SEI layers that hamper charge transfer reactions at the 
graphite anode. Therefore, it can be thought that the LiDFOB-derived SEI is thermally robust and 
preserves the electrochemical performance of both electrodes in a full cell.  
 
 
 
 
 
 
 
 
Figure 19. A comparison of transition metal dissolution (Co, Mn, Ni) from fully delithiated Li-rich 
cathodes with the SEI layer derived from decomposition of the baseline electrolyte or 1% LiDFOB-
added electrolyte at 60 oC for 24 h. 
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4. Conclusions 
 
In this study, we have demonstrated that the use of LiDFOB as a salt-type additive improves the 
electrochemical performance of Li-rich layered cathode with poor cycle stability and rate capability due 
to the unstable electrode-electrolyte interface at high voltage. The LiDFOB-derived SEI layer intensely 
improve anodic stability of the electrolyte under high voltage conditions via potentiostatic profiles. 
Additionally, LiDFOB-derived SEI layer prevented mechanical damage of the cathode resulting from 
the occurrence of local internal stress during continuous Li-extraction and insertion. The stabilization 
of the cathode surface by LiDFOB additive makes efficient electronic and ionic transport pathways 
resulting in the improvement of rate capability on Li-rich cathode because of inhibiting the formation 
LiF formed by HF attack and LiPF6 decomposition. The XPS spectral study confirmed that the use of 
LiDFOB additive beneficially modifies the surface chemistries of the Li-rich cathode (LiF-less 
component) and graphite anode (LiF-rich component) and formed the semicarbonate-like species (-
CO2-) components as SEI layer.  
The dQ/dV plot of graphite anode revealed a reductive decomposition mechanism for the EC 
component of the electrolyte that is involved in the formation of the LiDFOB-derived SEI layer. 
Furthermore, the dQ/dV plot of graphite anode proposed that EC-solvent serves as a key component for 
the formation of LiDFOB-derived SEI. The SEI formed by co-decomposition between EC and LiDFOB 
showed superior cycling performance on graphite anode than others. 
In addition, the LiDFOB-derived SEI sufficiently mitigates metal-ion dissolution from the Li-rich 
cathode resulting in the inhibition of metal deposition on the graphite anode. The introduction of 
LiDFOB reveals a substantial improvement in the cycling performance of a high-voltage Li-rich 
cathode coupled with a graphite anode. 
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Figure 20. Scheme of the proposed reaction mechanism of LiDFOB on Li-rich cathode and graphite 
anode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Must contents of this thesis are published in Journal of Power Sources.64 
Suppression of 
metal ion dissolution
Li-rich 
cathode
Graphite 
anode
O
B
O
O
O
F
F
Li
O
n
-
Li+
LiF
B
F
F
O L i
O
O
O
O H
O
n
Semi-carbonate-based SEI
with electron deficient B atom
acting as Lewis acid
Inhibition of micro cracks
LiDFOB
M
Less metal 
deposition
(M2+ + 2e- → M)
O
B
O
O
O
F
O
O
O
Li +
-
Binding energy (eV)
680682684686688690692694
In
te
n
s
it
y
 (
a
.u
.)
0
10000
20000
30000
40000
50000
LiF
F1s
P-F
Binding energy (eV)
680682684686688690692
In
te
n
s
it
y
 (
a
.u
.)
0
10000
20000
30000
40000
50000
LiFP-F
F1s
45 
 
 
REFERENCES 
 
(1) Palacin, M.R.; Recent advances in rechargeable battery materials: A chemist's perspective. Chem. 
Soc. Rev. 2009, 38, 2565-2575. 
(2) Kang, K.S.; Meng, Y.S.; Breger, J.; Grey, C.P.; Ceder, G. Electrodes with high power and high 
capacity for rechargeable lithium batteries. Science 2006, 311, 977-980. 
(3) Goodenough, J.B.; Park, K.S. The Li-ion rechargeable battery: A perspective. J. Am. Chem. Soc. 
2013, 135, 1167-1176. 
(4) Nitta, N.; Wu, F.X.; Lee, J.T.; Yushin, G. Li-ion battery materials: Present and future. Mater. Today 
2015, 18, 252-264. 
(5) Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D. Challenges in the development of 
advanced Li-ion batteries: A review. Energy Environ. Sci. 2011, 4, 3243-3262. 
(6) Rozier, P.; Tarascon, J.M. Review-Li-rich layered oxide cathodes for next-generation Li-ion 
batteries: Chances and challenges. J. Electrochem. Soc. 2015, 162, A2490- A2499. 
(7) Yan, J.H.; Liu, X.B.; Li, B.Y. Recent progress in Li-rich layered oxides as cathode materials for Li-
ion batteries. RSC Adv. 2014, 4, 63268-63284. 
(8) Yabuuchi, N.; Yoshii, K.; Myung, S.T.; Nakai, I.; Komaba, S. Detailed studies of a high-capacity 
electrode material for rechargeable batteries, Li2MnO3-LiCo1/3Ni1/3Mn1/3O2. J. Am. Chem. Soc. 2011, 
133, 4404-4419. 
(9) Hong, J.; Gwon, H.; Jung, S.K.; Ku, K.; Kang, K. Review-lithium-excess layered cathodes for 
lithium rechargeable batteries. J. Electrochem. Soc. 2015, 162, A2447- A2467. 
(10) Choi, N.-S.; Han, J.-G.; Ha, S.Y.; Park, I.; Back, C.K. Recent advances in the electrolytes for 
interfacial stability of high-voltage cathodes in lithium-ion batteries. RSC Adv. 2015, 5, 2732-2748. 
(11) Sathiya, M.; Abakumov, A.M.; Foix, D.; Rousse, G.; Ramesha, K.; Saubanere, M.; Doublet, M.L.; 
Vezin, H.; Laisa, C.P.; Prakash, A.S.; Gonbeau, D.; VanTendeloo, G.; Tarascon, J.M. Origin of voltage 
decay in high-capacity layered oxide electrodes. Nat. Mater. 2015, 14, 230-238. 
(12) Hong, J.; Lim, H.-D.; Lee, M.; Kim, S.-W.; Kim, H.; Oh, S.-T.; Chung, G.-C.; Kang, K. Critical 
role of oxygen evolved from layered Li–excess metal oxides in Lithium rechargeable batteries. Chem. 
Mater. 2012, 24, 2692-2697. 
(13) Boulineau, A.; Simonin, L.; Colin, J.-F.; Bourbon, C.; Patoux, S. First evidence of 
manganese−nickel segregation and densification upon cycling in Li-rich layered oxides for Lithium 
Batteries. Nano let. 2013, 13, 3857-3863. 
(14) Mohanty, D.; Sefat, A.S.; Kalnaus, S.; Li, J.; Meisner, R.A.; Payzant, E.A.; Abraham, D.P.; Wood, 
D.L.; Daniel, C. Investigating phase transformation in the Li1.2Co0.1Mn0.55Ni0.15O2 lithium-ion battery 
46 
 
cathode during high-voltage hold (4.5 V) via magnetic, X-ray diffraction and electron microscopy 
studies. J. Mater. Chem. A 2013, 1, 6249-6261. 
(15) Oh, P.; Ko, M.; Myeong, S.; Kim, Y.; Cho, J. A novel surface treatment method and new insight 
into discharge voltage deterioration for High-performance 0.4Li2MnO3∙0.6LiNi1/3Co1/3Mn1/3O2 Cathode 
Materials. Adv. Energy Mater. 2014, 4, 1400631. 
(16) Bettge, M.; Li, Y.; Gallagher, K.; Zhu, Y.; Wu, Q.; Lu, W.; Bloom, I.; Abraham, D.P. Voltage fade 
of layered oxides: Its measurement and impact on energy density. J. Electrochem. Soc. 2013, 160, 
A2046- A2055. 
(17) Song, B.H.; Liu, Z.W.; Lai, M.O.; Lu, L. Structural evolution and the capacity fade mechanism 
upon long-term cycling in Li-rich cathode material. Phys. Chem. Chem. Phys. 2012, 14, 12875-12883. 
(18) Zheng, J.M.; Gu, M.; Xiao, J.; Zuo, P.J.; Wang, C.M.; Zhang, J.G. Corrosion/fragmentation of 
layered composite cathode and related capacity/voltage fading during cycling process. Nano Lett. 2013, 
13, 3824-3830. 
(19) Han, J.-G.; Park, I.; Cha, J.; Park, S.; Park, S.; Myeong, S.; Cho, W. Kim, S.-S.; Hong, S.Y.; Cho, 
J.; Choi, N.-S. Interfacial architectures derived by lithium difluoro(bisoxalato) phosphate for lithium-
rich cathodes with superior cycling stability and rate capability. ChemElectroChem 2017, 4, 56-65. 
(20) Qing, R.P.; Shi, J.L.; Xiao, D.D.; Zhang, X.D.; Yin, Y.X.; Zhai, Y.B.; Gu, L.; Guo, Y.G. Enhancing 
the kinetics of Li-rich cathode materials through the pinning effects of gradient surface Na+ doping. Adv. 
Energy Mater. 2016, 6, 1501914. 
(21) Song, B.H.; Lai, M.O.; Lu, L. Influence of Ru substitution on Li-rich 0.55Li2MnO3∙ 
0.45LiNi1/3Co1/3Mn1/3O2 cathode for Li-ion batteries. Electrochim. Acta 2012, 80, 187-195. 
(22) Li, L.; Song, B.H.; Chang, Y.L.; Xia, H.; Yang, J.R.; Lee, K.S.; Lu, L. Retarded phase transition 
by fluorine doping in Li-rich layered Li1.2Mn0.54Ni0.13Co0.13O2 cathode material. J. Power Sources 2015, 
283, 162-170. 
(23) Li, G.R.; Feng, X.; Ding, Y.; Ye, S.H.; Gao, X.P. AlF3-coated Li(Li0.17Ni0.25Mn0.58)O2 as cathode 
material for Li-ion batteries. Electrochim. Acta 2012, 78, 308-315. 
(24) Martha, S.K.; Nanda, J.; Kim, Y.; Unocic, R.R.; Pannala, S.; Dudney, N.J. Solid electrolyte coated 
high voltage layered-layered lithium-rich composite cathode: Li1.2Mn0.525Ni0.175Co0.1O2, J. Mater. Chem. 
A 2013, 1, 5587-5595. 
(25) Kim, I.T.; Knight, J.C.; Celio, H.; Manthiram, A. Enhanced electrochemical performances of Li-
rich layered oxides by surface modification with reduced graphene oxide/AlPO4 hybrid coating. J. 
Mater. Chem. A 2014, 2, 8696-8704. 
(26) Gallagher, K.G.; Kang, S.H.; Park, S.U.; Han, S.Y. xLi2MnO3∙(1-x)LiMO2 blended with LiFePO4 
to achieve high energy density and pulse power capability. J. Power Sources 2011, 196, 9702-9707. 
47 
 
(27) Huang, H.; Liu, G.B.; Wu, J.H.; Liu, H. An improvement of electrochemical performance of 
Li1.2Mn0.54Ni0.13Co0.13O2 by blending with Na0.6(Li0.2Mn0.8)O2. Int. J. Electrochem. Sci. 2015, 10, 5048-
5060. 
(28) Han, J.-G.; Lee, S.J.; Lee, J.; Kim, J.-S.; Lee, K.T.; Choi, N.-S. Tunable and robust phosphite-
derived surface film to protect lithium-rich cathodes in lithium-ion batteries, ACS Appl. Mater. Inter. 
2015, 7, 8319-8329. 
(29) Pires, J.; Castets, A.; Timperman, L.; Santos-Pena, J.; Dumont, E.; Levasseur, S.; Tessier, C.; 
Dedryvere, R.; Anouti, M. Tris(2,2,2-trifluoroethyl) phosphite as an electrolyte additive for high-
voltage lithium-ion batteries using lithium-rich layered oxide cathode. J. Power Sources 2015, 296, 
413-425. 
(30) Zhou, Z. X.; Ma, Y. L.; Wang, L.; Zuo, P. J.; Cheng, X. Q.; Du, C. Y.; Yin, G. P.; Gao, Y. Z. 
Triphenyl phosphite as an electrolyte additive to improve the cyclic stability of lithium-rich layered 
oxide cathode for lithium-ion batteries. Electrochim. Acta 2016, 216, 44-50. 
(31) Birrozzi, A.; Laszczynski, N.; Hekmatfar, M.; von Zamory, J.; Giffin, G. A.; Passerini, S. Beneficial 
effect of propane sultone and tris(trimethylsilyl) borate as electrolyte additives on the cycling stability 
of the lithium rich nickel manganese cobalt (NMC) oxide. J. Power Sources 2016, 325, 525-533. 
(32) Chen, R. J.; Liu, F.; Chen, Y.; Ye, Y. S.; Huang, Y. X.; Wu, F.; Li, L. An investigation of 
functionalized electrolyte using succinonitrile additive for high voltage lithium-ion batteries. J. Power 
Sources 2016, 306, 70-77. 
(33) Zheng, X. W.; Wang, X. S.; Cai, X.; Xing, L. D.; Xu, M. Q.; Liao, Y. H.; Li, X. P.; Li, W. S. 
Constructing a protective interface film on layered lithium-rich cathode using an electrolyte additive 
with special molecule structure. ACS Appl. Mater. Inter. 2016, 8, 30116-30125. 
(34) Kang, Y. S.; Park, M. S.; Park, I.; Kim, D. Y.; Park, J. H.; Park, K.; Koh, M.; Doo, S. G. 
Tetrathiafulvalene as a conductive film-making additive on high-voltage cathode. ACS Appl. Mater. 
Inter. 2017, 9, 3590-3595. 
(35) Wagner, R.; Streipert, B.; Kraft, V.; Jimeenez, A.R.; Roser, S.; Kasnatscheew, J.; Gallus, D.R.; 
Borner, M.; Mayer, C. Arlinghaus, H.F.; Korth, M.; Amereller, M.; Cekic-Laskovic, I.; Winter, M. 
Counterintuitive role of magnesium salts as effective electrolyte additives for high voltage lithium-ion 
batteries. Adv. Mater. Inter. 2016, 3, 1600096. 
(36) Zhang, L.F.; Chai, L.L.; Zhang, L.; Shen, M.; Zhang, X.L.; Battaglia, V.S.; Stephenson, T.; Zheng, 
H.H. Synergistic effect between lithium bis(fluorosulfonyl)imide (LiFSI) and lithium bis-oxalato borate 
(LiBOB) salts in LiPF6-based electrolyte for high-performance Li-ion batteries. Electrochim. Acta 2014, 
127, 39-44. 
48 
 
(37) Wu, Q.L.; Lu, W.Q.; Miranda, M.; Honaker-Schroeder, T.K.; Lakhsassi, K.Y.; Dees, D. Effects of 
lithium difluoro(oxalate)borate on the performance of Li-rich composite cathode in Li-ion battery. 
Electrochem. Commun. 2012, 24, 78-81. 
(38) Zhu, Y.; Li, Y.; Bettge, M.; Abraham, D.P. Electrolyte additive combinations that enhance 
performance of high-capacity Li1.2Ni0.15Mn0.55Co0.1O2-graphite cells. Electrochim. Acta 2013, 110, 191-
199. 
(39) Zhang, S.S. An unique lithium salt for the improved electrolyte of Li-ion battery. Electrochem. 
Commun. 2006, 8, 1423-1428. 
(40) Lian, F.; Li, Y.; He, Y.; Guan, H.Y.; Yan, K.; Qiu, W.H.; Chou, K.C.; Axmann, P.; Wohlfahrt-
Mehrens, M. Preparation of LiBOB via rheological phase method and its application to mitigate voltage 
fade of Li1.16(Mn0.75Ni0.25)0.84O2 cathode. RSC Adv. 2015, 5, 86763-86770. 
(41) Xu, M.Q.; Xiao, A.; Li, W.S.; Lucht, B.L. Investigation of lithium tetrafluoro-oxalatophosphate 
(LiPF4(C2O4)) as a lithium-ion battery electrolyte for elevated temperature performance. J. Electrochem. 
Soc. 2010, 157, A115- A120. 
(42) Xu, M.Q.; Xiao, A.; Li, W.S.; Lucht, B.L. Investigation of lithium tetrafluoro-oxalatophosphate as 
a lithium-ion battery electrolyte. Electrochem. Solid-State Lett. 2009, 12, A155- A158. 
(43) Qin, Y.; Chen, Z.H.; Liu, J.; Amine, K. Lithium tetrafluoro oxalato phosphate as electrolyte additive 
for lithium-ion cells. Electrochem. Solid-State Lett. 2010, 13, A11- A14. 
(44) Kawamura, T.; Okada, S.; Yamaki, J. Decomposition reaction of LiPF6-based electrolytes for 
lithium ion cells. J. Power Sources 2009, 156, 547–554. 
(45) Xu, K.; Zhang, S.S.; Lee, U.; Allen, J.L.; Jow T.R. LiBOB: Is it an alternative salt for lithium ion 
chemistry. J. Power Sources 2005, 146, 79–85. 
(46) Zhang, S.S. An unique lithium salt for the improved electrolyte of Li-ion battery. Electrochem. 
Commun. 2006, 8, 1423–1428. 
(47) Chen, Z.; Qin, Y.; Liu, J.; K. Amine Lithium difluoro(oxalato)borate as additive to improve the 
thermal stability of lithiated graphite. Electrochem. Solid-State Lett. 2009, 12, A69-A72. 
(48) Chen, Z.; Liu, J.; Amine, K. Lithium difluoro(oxalato)borate as salt for lithium-ion batteries. 
Electrochem. Solid-State Lett. 2007, 10, A45-A47. 
(49) Fu, M.H.; Huanga, K.L.; Liu, S.Q.; Liu, J.S.; Li, Y.K. Lithium difluoro(oxalato)borate/ethylene 
carbonate + propylene carbonate + ethyl(methyl) carbonate electrolyte for LiMn2O4 cathode. J. 
Electrochem. Soc. 2009, 156, A318-A327. 
(50) Xu, M.; Zhou, L.; Hao, L.; Xing, L.; Li, W.; Lucht, B.L. Investigation and application of lithium 
difluoro(oxalate)borate (LiDFOB) as additive to improve the thermal stability of electrolyte for lithium-
ion batteries. J. Power Sources 2011, 196, 6794–6801. 
(51) Zhou, H.; Fang, Z.; Li, J. LiPF6 and lithium difluoro(oxalato)borate/ethylene carbonate + dimethyl 
49 
 
carbonate + ethyl(methyl)carbonate electrolyte for Li4Ti5O12 anode. J. Power Sources 2013, 230, 148-
154. 
(52) Liu, J.; Chen, Z.; Busking, S.; Amine, K. Lithium difluoro(oxalato)borate as a functional additive 
for lithium-ion batteries. Electrochem. Commun. 2007, 9, 475–479. 
(53) Zhang, L.; Ma, Y.; Cheng, X.; Zuo, P.; Cui, Y.; Guan, T.; Du, C. Gao, Y.; Yin, G. Enhancement 
of high voltage cycling performance and thermal stability of LiNi1/3Co1/3Mn1/3O2 cathode by use of 
boron-based additives. Solid State Ionics 2014, 263, 146–151. 
(54) Hu, M.; Wei, J.; Xing, L.; Zhou, Z. Effect of lithium difluoro(oxalate)borate (LiDFOB) additive 
on the performance of high-voltage lithium-ion batteries. J. Appl. Electrochem. 2012, 42, 291–296. 
(55) Liu, J.; Chen, Z.; Busking, S.; Belharouak, I.; Amine, K. Effect of electrolyte additives in 
improving the cycle and calendar life of graphite/Li1.1[Ni1/3Co1/3Mn1/3]0.9O2 Li-ion cells. J. Power 
Sources 2007, 174, 852–855. 
(56) Ye, D.L.; Zeng, G.; Nogita, K.; Ozawa, K.; Hankel, M.; Searles, D.J.; Wang, L.Z. Understanding 
the origin of Li2MnO3 activation in Li-rich cathode materials for lithium-ion batteries. Adv. Funct. Mater. 
2015, 25, 7488-7496. 
(57) Ye, D.L.; Wang, B.; Chen, Y.; Han, G.; Zhang, Z.; Hulicova-Jurcakova, D.; Zou, J.; Wang, L.Z. 
Understanding the stepwise capacity increase of high energy low-Co Li-rich cathode materials for 
lithium ion batteries. J. Mater. Chem. A 2014, 2, 18767-18774. 
(58) Yan, P.F.; Zheng, J.M.; Gu, M.; Xiao, J.; Zhang, J.G.; Wang, C.M. Intragranular cracking as a 
critical barrier for high-voltage usage of layer-structured cathode for lithium-ion batteries. Nat. 
Commun. 2017, 8, 14101. 
(59) Zhu, Y.; Li, Y.; Bettge, M.; Abraham, D.P. Positive electrode passivation by LiDFOB electrolyte 
additive in high-capacity lithium-ion cells. J. Electrochem. Soc. 2012, 159, A2109-A2117. 
(60) Aurbach, D.; Gamolsky, K.; Markovsky, B.; Salitra, G.; Gofer, Y.; Heider, U.; Oesten, R.; Schmidt, 
M. The study of surface phenomena related to electrochemical lithium intercalation into LixMOy host 
materials (M = Ni, Mn). J. Electrochem. Soc. 2000, 147, 1322-1331. 
(61) Kim, K.; Kim, Y.; Oh, E.S.; Shin, H.C. The role of fluoride in protecting LiNi0.5Mn1.5O4 electrodes 
against high temperature degradation. Electrochim. Acta 2013, 114, 387-393. 
(62) Lee, S.J.; Han, J.-G.; Lee, Y.; Jeong, M.H.; Shin, W.C.; Ue, M.; Choi, N.-S. A bi-functional lithium 
difluoro(oxalato)borate additive for lithium cobalt oxide/lithium nickel manganese cobalt oxide 
cathodes and silicon/graphite anodes in lithium-ion batteries at elevated temperatures. Electrochim. 
Acta 2014, 137, 1-8. 
(63) Xiao, A.; Yang, L.; Lucht, B.L.; Kang, S.H.; Abraham, D.P. Examining the solid electrolyte 
interphase on binder-free graphite electrodes. J. Electrochem. Soc. 2009, 156, A318-A327. 
(64) Cha, J.; Han, J.-G.; Hwang, J.; Cho, J.; Choi, N.-S. Mechanisms for electrochemical l performance 
50 
 
enhancement by the salt-type electrolyte additive, lithium difluoro(oxalato)borate, in high-voltage 
lithium-ion batteries. J. Power Sources 2017, 357, 97-106. 
